Plant mitochondria have multiple energy-dissipating components in the respiratory chain. It is known that these components are induced under several stress conditions. Here we examined whether the gene expression pattern and its regulatory mechanism under high light (HL) conditions are different among the respiratory components in Arabidopsis leaves. Alternative oxidase (AOX) gene expression ( AOX1a and AOX1c ) and amount of protein were elevated after exposure to HL. In addition to AOX, the expression of other respiratory genes, including NDA1 , NDB2 , NDC1 , UCP1 , UCP5 , COX6b and CI76 , was also induced by HL. NDB2 was co-expressed with AOX1a , but other HL-induced genes showed a distinct expression pattern. Manipulation of photosynthesis or respiration using several chemicals revealed that while the expression of AOX1a and NDB2 was mainly induced by inhibition of the respiratory chain, NDA1 expression was affected by photosynthesis-related reactive oxygen species. The expression of AOX1c , NDC1 , COX6b and CI76 was not induced by these manipulations. When plants were exposed to HL under a high CO 2 environment, the expression of several respiratory genes was more strongly induced, suggesting that modulations of cellular carbon status by elevated photosynthesis are involved in respiratory gene expression. Based on these results, we propose a mechanistic model of respiratory gene expression in illuminated leaves.
Introduction
Plant mitochondria have multiple energy-dissipating respiratory components, such as the alternative oxidase (AOX; Finnegan et al. 2004 , McDonald 2008 , type II NAD(P)H dehydrogenases (NDs; Rasmusson et al. 2004 ) and uncoupling protein (UCP; Vercesi et al. 2006 ) . Although apparently wasteful from an energy budget standpoint, it has been demonstrated that the expression and activity of these components are dramatically altered under several stress conditions, such as high light (HL; Ribas-Carbo et al. 2000 , Svensson and Rasmusson 2001 , Noguchi et al. 2005 , Yoshida et al. 2007 , cold ( Gonzalez-Meler et al. 1999 , Atkin et al. 2002 , Armstrong et al. 2008 , drought ( Bartoli et al. 2005 , Ribas-Carbo et al. 2005 , nitrogen limitation ( Sieger et al. 2005 , Noguchi and and phosphate limitation ( Gonzalez-Meler et al. 2001 , Yip and Venlerberghe 2001 ) . These fi ndings suggest that the energydissipating respiratory components play important roles in the acclimation of plants to fl uctuating environmental conditions.
In particular, the physiological signifi cance of AOX, which mediates cyanide-resistant respiration, has been studied intensively ( Siedow and Umbach 2000 , Millenaar and Lambers 2003 , Finnegan et al. 2004 , McDonald 2008 . Several physiological functions of AOX have been proposed, such as heat generation to facilitate pollination, prevention of reactive oxygen species (ROS) production from the respiratory chain, and dissipation of cellular excess reducing equivalents ( Maxwell et al. 1999 , Finnegan et al. 2004 , Yoshida et al. 2006 . Furthermore, Giraud et al. (2008) demonstrated that the absence of AOX1a in Arabidopsis modifi ed transcript levels of several antioxidant enzymes, suggesting extensive roles for AOX1a in the involvement of the cellular redox network. On the other hand, it has not been fully understood whether the function and expression pattern of AOX are distinct from those of other energy-dissipating respiratory components, such as NDs and UCP. AOX, NDs and UCP are encoded by small multigene families, some of which are known to be stress-induced. However, a comprehensive description of the differences in expression among these genes is still lacking.
Although it has been shown that the gene expression of energy-dissipating respiratory components is induced under stress conditions as discussed above, the mechanisms underlying this gene expression are still unclear. ROS generated specifi cally in the respiratory chain have been proposed as a key regulator for AOX expression , Rhoads et al. 2006 , Rhoads and Subbaiah 2007 ). Mitochondrial Ca 2 + and some intermediates metabolized in the tricarboxylic acid (TCA) cycle have also been suggested as other candidates ( Vanlerberghe and McIntosh 1996 , Tsuji et al. 2000 , Gray et al. 2004 ). However, these suggestions, known as mitochondrial retrograde regulation (MRR), are mainly based on experiments using cultured cells, and thus it is unclear whether these schemes are also true in intact plant tissues. In particular, leaves contain chloroplasts which generate much larger amounts of ROS than mitochondria in the light ( Foyer and Noctor 2003 ) . Furthermore, chloroplasts in illuminated leaves can transduce other messengers involved in the regulation of gene expression to the nucleus, such as sugar and the redox state of plastoquinone (PQ; Fey et al. 2005 , Nott et al. 2006 , Pogson et al. 2008 ). These messengers which originate in the chloroplasts may be involved in the regulation of gene expression of respiratory components in illuminated leaves. Indeed, our previous study using photosusceptible yellow variegated 2 ( var2 ) mutants implied that photooxidative stress in the chloroplast is involved in the modifi cation of respiratory gene expression in the light .
In the present study, we examined whether gene expression patterns are different among the respiratory components, and assessed the regulatory mechanisms of the expression of each respiratory gene under HL conditions in Arabidopsis leaves. First, we performed an integral comparison of the gene expression patterns among the respiratory components under HL conditions. To examine whether modulations of cellular carbon status by elevated photosynthesis affect the expression of respiratory genes, we also exposed plants to HL in conjunction with high CO 2 . Secondly, to assess the underlying regulatory mechanisms, we examined the effects of manipulation of photosynthesis or respiration using several chemicals on the expression of respiratory genes. We show distinct gene expression patterns among the respiratory components and discuss the ways in which expression of each gene is regulated in illuminated leaves.
Results

The expression pattern of respiratory genes under HL conditions
In the fi rst experiment (referred to as experiment A), we compared the expression patterns of respiratory genes under HL conditions (400 µmol photons m −2 s −1 ). Plants were transferred from low light (LL) growth conditions (30-40 µmol photons m −2 s −1 ) to HL or dark conditions 2 h after the onset of the day period (see Materials and Methods). According to Elhafez et al. (2006) , there are few respiratory genes showing statistically signifi cant diurnal changes in their transcript abundances (Table 1 in Elhafez et al. 2006 ) . Therefore, we regarded changes in transcript levels after the transfer to be mainly caused by the HL or dark treatments, not by the diurnal pattern. One exception was NDA1 , encoding internal ND, which showed a drastic diurnal change ( Elhafez et al. 2006 ) . Therefore, we discuss the effects of the HL and dark treatments on NDA1 expression, paying attention to the diurnal pattern (see Discussion for details).
Fig. 1A -H shows the expression pattern of the AOX gene family after the transfer to HL or dark conditions. In Supplementary Fig. S1 , fold changes of each transcript level after the HL or dark treatment are shown. Under an ambient CO 2 environment, AOX1a expression was strongly induced by the HL treatment and the transcript level showed a 5-fold increase compared with that before the treatment ( Fig. 1A and Supplementary Fig. S1 ). However, this induction was arrested 4 h after the HL treatment ( Fig. 1A and Supplementary Fig. S1 ). Although the expression levels of other AOX genes were dramatically lower compared with AOX1a ( Fig. 1A ) , AOX1c expression was induced by the HL treatment ( Fig. 1B and Supplementary Fig. S1 ). The induction of AOX1a and AOX1c expression was not observed under dark conditions ( Fig. 1C, D and Supplementary Fig. S1 ). Under a high CO 2 environment (3,000 ppm), exposure to HL resulted in a stronger induction of AOX1a expression, which continued to increase even 4 h after the HL treatment ( Fig. 1E and Supplementary Fig. S1 ). Similarly, AOX1c expression was more prominently induced under these conditions ( Fig. 1F and Supplementary Fig. S1 ). Interestingly, expression of other AOX genes ( AOX1b , AOX1d , and AOX2 ) transiently increased 1 h after the HL treatment only under a high CO 2 environment ( Fig. 1B, F and Supplementary  Fig. S1 ). This further induction of AOX gene expression under a high CO 2 environment was the result of elevated photosynthesis and/or alterations of photosynthesis-related reactions (such as photorespiration), because it was hardly observed in the dark (Fig. 1G, H and Supplementary Fig. S1 ). The light induction of AOX gene expression was followed by an increase in the amount of AOX protein ( Fig. 1I ). On the other hand, other mitochondrial proteins, cytochrome c oxidase subunit II (COXII) and voltage-dependent anion channel (VDAC), were not affected by the treatments ( Fig. 1I ). Fig. 2 shows the expression pattern of other respiratory genes under HL and dark conditions. In Supplementary  Figs . S2-S5, fold changes of each transcript level after the HL or dark treatment are shown. Of the three genes encoding the rotenone-insensitive internal NDs, the NDA1 expression level was relatively high ( Fig. 2A-D ) . Under an ambient CO 2 environment, NDA1 expression was maintained at a high level until 4 h after the transfer to HL, whereas it decreased immediately after the dark treatment ( Fig. 2A, B , Supplementary Fig. S2 ). Under a high CO 2 environment, NDA1 expression was induced by the HL treatment, peaking between 1 and 2 h after the transfer ( Fig. 2C and Supplementary Fig. S2 ). Under an ambient CO 2 environment, NDC1 expression increased and was 8-to 9-fold higher 4 h after the HL treatment ( Fig. 2A and Supplementary Fig. S2 ). On the other hand, it was induced immediately after the HL treatment under a high CO 2 environment ( Fig. 2C and Supplementary Fig. S2) . However, the maximal levels of NDC1 expression after the HL treatment were equivalent between ambient and high CO 2 environments ( Fig. 2A, C and Supplementary Fig. S2 ). NDA2 expression was much lower and did not show clear distinct responses to the HL and dark treatments ( Fig. 2A-D and Supplementary Fig. S2 ).
External NDs oxidize cytosolic reducing equivalents directly, and consist of four genes in Arabidopsis ( Rasmusson et al. , Rasmusson et al. 2008 . While NDB1 expression was not induced under HL conditions, NDB2 expression was induced by HL and its expression pattern was very similar to that of AOX1a ( Figs. 1A, 2E and Supplementary Figs . S1, S3). However, a stronger induction by high CO 2 (as for AOX1a ) was hardly observed in the case of NDB2 ( Fig. 2G and Supplementary Fig. S3 ). NDB3 and NDB4 expression levels were much lower, but showed the induction 8 h after the HL treatment only under a high CO 2 environment ( Fig.  2 E-H and Supplementary Fig. S3) . UCP dissipates the H + gradient across the mitochondrial inner membrane by facilitating the re-entry of H + into the mitochondrial matrix, bypassing ATP synthase ). The exact number of genes encoding UCP is still controversial. In the present study, we examined fi ve candidate genes suggested to encode UCP ; UCP1 , At3g54110; UCP2 , At5g58970; UCP3 , At1g14140; UCP4 , At4g24570; and UCP5 , At2g22500). UCP1 expression was hardly affected until 4 h after the HL treatment, but the subsequent HL treatment induced UCP1 expression ( Fig. 2I and Supplementary Fig. S4 ). It is also interesting that UCP1 expression was induced immediately after the dark treatment ( Fig. 2J and Supplementary Fig. S4 ). UCP5 expression was induced by HL, but in a manner different from UCP1 expression ( Fig. 2I and Supplementary Fig. S4 ). Under a high CO 2 environment, UCP1 and UCP5 transcript levels increased more rapidly after the HL treatment, but the maximal levels of gene expression were equivalent between ambient and high CO 2 environments ( Fig. 2I , K and Supplementary Fig. S4 ). UCP2 , UCP3 and UCP4 expression levels were much lower ( Fig. 2I -L) . UCP3 expression was induced by HL, while UCP2 and UCP4 did not show clear distinct responses to the HL and dark treatments ( Supplementary  Fig. S4 ).
We also examined the expression patterns of genes encoding the phosphorylating respiratory pathways, COX6b and CI76 (encoding a subunit of cytochrome c oxidase and the 76 kDa subunit of complex I, respectively). The expression of these genes was induced by HL and showed a similar timedependent pattern ( Fig. 2M and Supplementary Fig. S5 ). Under a high CO 2 environment, the expression of these genes was more rapidly induced after the HL treatment, but the maximal levels of gene expression were equivalent between ambient and high CO 2 environments (Fig. 2M, O and Supplementary Fig. S5 ).
Expression of respiratory genes is affected by the chemical manipulation of key steps in the photosynthetic or respiratory pathway
In the second set of experiments (referred to as experiment B), we examined the effects of the manipulation of photosynthesis and respiration on the expression of respiratory genes. To manipulate photosynthesis and/or respiration, several chemicals were applied to the leaves under LL conditions (20-30 µmol photons m −2 s −1 , Supplementary Fig. S6 ).
The chemicals employed were 10 µM DCMU (for the inhibition of electron transfer between Q A and Q B in PSII), 100 µM 2,5-dibromo-3-methyl-6-isopropyl-p -benzoquinone [DBMIB; for the inhibition of electron transfer between PQ and cytochrome b 6 f complex in the chloroplast, and between ubiquinone (UQ) and complex III in the mitochondrion], 5 µM antimycin A (AntA; for the inhibitions of electron transfer by ferredoxin-PQ reductase in the chloroplast and by complex III in the mitochondrion), 1 mM methyl viologen [MV; for the acceleration of superoxide (O 2 -) and hydrogen peroxide (H 2 O 2 ) generation from the photosynthetic electron transport chain in the chloroplast and from the respiratory chain in the mitochondrion], 5 mM H 2 O 2 , 10 µM Rose Bengal [RB; a photosensitizer to generate singlet oxygen ( 1 O 2 ) in the light], 20 mM citrate (Cit) and 20 mM malate (Mal). It should be mentioned that, although DBMIB is generally known as an inhibitor of electron transfer between PQ and the cytochrome b 6 f complex in the chloroplast, it also inhibits the electron transfer between UQ and complex III in the mitochondrion, due to its structural homology to quinone ( Degli Esposti et al. 1984 , Supplementary Fig. S6A ). DBMIB, AntA and MV were also applied under dark conditions to separate their effects on the chloroplast and mitochondrion. By the measurement of Chl fl uorescence, we confi rmed that each photosynthesis-related chemical was adequately effective in the leaves (Supplementary Fig. S6B, C) . Fig. 3 and Supplementary Fig. S7 show the effects of the manipulation of photosynthesis and respiration on the expression of respiratory genes. In experiment B, we mainly focused on the HL-induced genes, which had been revealed by experiment A. The expression patterns of genes discussed later in terms of the way in which they are regulated are shown in Fig. 3 , while the other genes examined are shown in Supplementary Fig. S7 . AOX1a expression was induced predominantly by the DBMIB, AntA and Cit treatments ( Fig. 3 ) . It should be noted that the induction by DBMIB and AntA was most probably the result of the inhibition of the respiratory chain, instead of the inhibition of photosynthetic electron transport, because the increased expression was also observed under dark conditions. H 2 O 2 and MV in the light also induced AOX1a expression, but their effects were much smaller. AOX1c expression did not show a clear response to any of the applied chemicals, but showed a tendency to decrease when the treatments were performed under dark conditions ( Fig. 3 ) . Similarly, AOX2 expression did not show a clear response to the treatments (Supplementary Fig. S7 ). NDA1 expression was decreased by nearly all treatments, including the control treatment ( Fig. 3 ) . This may be due to a diurnal pattern of NDA1 expression and/or the effect of physical stimuli (excision of the leaves from the plants or the vacuum infi ltration treatment; see Materials and Methods). However, in the presence of Cit or MV in the light, NDA1 expression was maintained at a high level. NDB2 expression was induced by the DBMIB, AntA and H 2 O 2 treatments ( Fig. 3 ) . The induction by DBMIB or AntA was attenuated under dark conditions, suggesting that not only the inhibition of the respiratory chain, but also the alteration of photosynthetic electron transport affected NDB2 expression. Although NDC1 expression did not show a clear response to the treatments except for the slight induction by Cit, it tended to decrease when the treatments were performed under dark conditions ( Fig. 3 ) . UCP1 expression did not show a clear chemical-dependent variation, but it was markedly induced when the treatments were performed under dark conditions ( Fig. 3 ) . Although UCP4 expression was mostly decreased after the treatments, it was induced transiently 0.5 h after the DBMIB and AntA treatments (Supplementary Fig. S7 ). Also, it was maintained at a high level by MV in the light. UCP5 expression was induced transiently 0.5 h after every treatment (possibly as a result of physical stimuli), which was more pronounced in the presence of AntA (Supplementary Fig. S7 ). COX6b expression appeared to be slightly induced by the AntA and Cit treatments, but did not show a clear response to any of the other chemicals ( Fig. 3 ) . Similarly, CI76 expression did not show a clear response to the treatments, except for a slight induction after the application of Cit ( Fig. 3 ) .
Correlations among the expression of respiratory genes
As shown above, several respiratory genes displayed similar expression responses. Pearson's correlation coeffi cients between the transcript abundances of respiratory genes are shown in Supplementary Tables S1 and S2 (for the data obtained from experiments A and B, respectively). According to these results, several respiratory gene sets, such as AOX1a-NDB2 and AOX1c-NDC1-COX6b-CI76 , were notably coexpressed. Supplementary Fig. S8 indicates signifi cant correlations between the transcript levels of each respiratory gene set, although the correlation coeffi cients were different among the gene sets (Supplementary Tables S1, S2 ).
Furthermore, we performed cluster analyses based on the results acquired from the present study. When the cluster analysis was performed separately using the results obtained from experiment A (ambient and high CO 2 ) and experiment B, some distinct results were observed depending on the experimental conditions ( Fig. 4A ). For example, the light induction patterns of AOX1a and NDB2 were quite similar under ambient CO 2 , but not under a high CO 2 environment ( Fig. 4A ). This indicates that the expression response of each respiratory gene and its inter-relationships between the genes were complex and variable depending on the environments (see Discussion).
To help to understand gene expression responses at a global level, an online microarray database is useful. We used Genevestigator ( Zimmermann et al. 2004 , https://www. genevestigator.com/gv/index.jsp ) and ATTED-II ( http:// atted.jp/ ) to compare the expression pattern among some respiratory genes. Within the large-scale array data available in Genevestigator, the data focusing on the stress treatments associated with our present study are shown in Fig. 4B . Whole reliable array data are shown in Supplementary  Fig. S9 . The light induction of AOX1a , NDB2 and NDA1 was evident. AOX1a and NDB2 expression was also induced by rotenone and salicylic acid, while NDA1 was not. The other assessed genes, NDB1 , NDC1 , UCP1 , COX6b and CI76 , were hardly affected by the treatments. From the array results, it was obvious that AOX1a and NDB2 were co-expressed under multiple situations, and the expression patterns of these genes were distinct from those of other respiratory genes. AOX1a and NDB2 co-expression was also confi rmed by ATTED-II (data not shown).
The expression of genes encoding other mitochondrial and/or cellular redox-mediated enzymes
To assess the expression patterns of genes (especially encoding redox-mediated enzymes localized in the mitochondrial matrix) and compare these with the respiratory genes, a reverse transcription-PCR (RT-PCR) analysis was performed ( Fig. 5 ) . Similar to the results obtained by real-time PCR analysis, it was clarifi ed from this assay that AOX1a expression was induced under HL conditions and by the AntA treatment. Among the genes examined, the expression of APX1 , s/mAPX , ZAT12 , ACO , GDCH , PRXIIF and TRXo1 was Other genes were constitutively expressed and not affected by the HL or dark treatment. An exception was ADH1 , which is known to be a hypoxia-induced gene ( Liu et al. 2005 ) ; this gene was hardly expressed before the treatments, but was induced by both HL and dark treatments. Interestingly, ADH1 expression was dramatically suppressed by the MV treatment. In contrast to its effect on AOX1a expression, AntA treatment suppressed the expression of DHAR5 , GDCH , PRXIIF and TRXo1 ( Fig. 5 ). These gene products were localized in the mitochondria and involved in the mitochondrial redox homeostasis in illuminated leaves ( Finkemeier et al. 2005 , Gelhaye et al. 2005 Within the large-scale array data available in Genevestigator, the data focusing on light, CO 2 , sugar (and its intermediates) and some factors that are known to regulate expression of respiratory genes, were picked up. Red indicates that gene expression was induced by the treatment, and green indicates that it was suppressed. treatments, raising the possibility that it was regulated specifi cally by the inhibition of the respiratory chain.
Discussion
Since mitochondrial respiration is closely related to photosynthesis, the sophisticated regulation of respiratory components is important in illuminated leaves ( Raghavendra and Padmasree 2003 , Noctor et al. 2007 , Rasmusson and Escorbar 2007 . In the present study, we comprehensively analyzed the expression patterns of respiratory genes in illuminated and chemical-treated leaves using the real-time PCR technique. We discuss the ways in which expression of each gene is regulated in illuminated leaves and their differences among the components.
AOX1a and NDB2 were co-expressed in illuminated leaves, but this co-expression was not always achieved
A previous study using Arabidopsis cultured cells demonstrated that AOX1a and NDB2 were co-expressed by several stress treatments ( Clifton et al. 2005 ) . Microarray data also showed the coordinated expression of these genes in several situations ( Fig. 4B and Supplementary Fig. S9 ). Consistently, similar light induction patterns of these genes were evident under an ambient CO 2 environment ( Figs. 1A, 2E and Supplementary Figs. S1, S3 ). Chemical treatments revealed that the expression of these genes was largely induced by the inhibition of the respiratory chain (by DBMIB and AntA, Fig. 3 ). Thus, at least in certain situations, AOX1a and NDB2 co-expression may be attained in a similar regulatory manner. Unexpectedly, H 2 O 2 did not cause a large induction of AOX1a expression ( Fig. 3 ). In contrast, some studies using cultured cells showed a signifi cant induction of AOX1a expression by H 2 O 2 ( Clifton et al. 2005 . Although we applied H 2 O 2 at 5 mM, the intracellular concentration may be lowered due to apoplastic and intracellular scavenging enzymes. In particular, leaf mesophyll cells need to develop them more than cultured cells, because larger amounts of ROS are generated in the developed chloroplast. This may explain the different response to H 2 O 2 compared with other studies using cultured cells. However, H 2 O 2 at the concentration used in the present study was effective, even if not very large, for regulating gene expression, because NDB2 expression was induced by this chemical ( Fig. 3 ) . The mitochondrial respiratory chain is likely to be more reduced under light conditions, as a result of the accumulation of photosynthates, photorespiratory metabolism and redox shuttling from the chloroplast ( Fig. 6 ). This idea can be supported by the fact that illuminated leaves often exhibit a large transient increase in O 2 consumption when exposed to darkness ( Atkin et al. 2000 ) . Over-reduction of the respiratory chain increases mitochondrial ROS production, which is, however, predicted to be relatively low compared with other sources, such as the chloroplast, in illuminated leaves ( Foyer and Noctor 2003 , Sweetlove and Foyer 2004 , Rhoads et al. 2006 ). As Rhoads et al. (2006) stated, the mitochondrial ROS may be distinguished and registered by local detection mechanisms even if low in magnitude, which may be important for signaling to the nucleus and thereby for plant acclimation. In the case of AOX1a , the MV or H 2 O 2 treatment did not cause a large induction of gene expression ( Figs. 3, 5 ) , supporting this idea. It is also possible that Ca 2 + release from mitochondria is involved in signaling to the nucleus when the respiratory chain is over-reduced ( Rhoads and Subbaiah 2007 ) . In either case, the light induction of AOX1a and NDB2 expression observed in the present study is likely to be attributable to the over-reduction of the respiratory chain ( Fig. 6 ). If so, the signal transduction pathway via MRR, which has been studied using cultured cells ( Maxwell et al. 2002 , Clifton et al. 2005 , plays an important role in illuminated leaves. In AOX1a , a 93 bp promoter region was reported to be responsible for MRR ( Dojcinovic et al. 2005 ). This region contains some candidate cis -elements, some of which are found in NDB2 upstream promoter regions [The Arabidopsis Information Resource (TAIR), Clifton et al. 2005 . Thus these common cis -elements may contribute to AOX1a and NDB2 co-expression.
Although AOX1a and NDB2 were co-expressed in several situations ( Fig. 4 and Supplementary Fig. S8) , some treatments affected the expression of these genes differently. The most pronounced difference is that the light induction of AOX1a expression was further promoted under a high CO 2 environment, whereas this was not the case for NDB2 ( Figs. 1E , 2G) . It is likely that the induction of AOX1a expression under a high CO 2 environment was attributed to the modulations of the cellular carbon status (see below for details). However, microarray data did not show clear distinct responses of AOX1a and NDB2 expression to CO 2 environments or exogenous feeding of photosynthesis products, such as sugar ( Price et al. 2004 ; Fig. 4B and Supplementary  Fig. S9) . Therefore, factor(s) responsible for distinctly regulating AOX1a and NDB2 expression under a high CO 2 environment should be elucidated.
Another exception to AOX1a and NDB2 co-expression was observed in the different response of these two genes to the DBMIB and AntA treatments. The induction of NDB2 expression was diminished when these treatments were performed under dark conditions, whereas that of AOX1a was not ( Fig. 3 ) . Thus, perturbations in photosynthetic electron transport, as well as in the respiratory chain, might be involved in the alteration of NDB2 expression. The DBMIB and AntA treatments led to an over-reduction of the photosynthetic electron transport chain, which can be a signal transduced to the nucleus and triggering gene expression ( Fey et al. 2005 ) . Considering that the DCMU treatment did not induce NDB2 expression, the most likely component responsible for such redox-controlled gene expression is PQ ( Fey et al. 2005 ) . Although additional research is necessary, these results raised the possibility that the light induction of NDB2 expression may be controlled by the redox state in the photosynthetic electron transport chain ( Fig. 6 ). This is a refl ection of the fact that AOX1a and NDB2 expression was not completely co-regulated in all cases. A signal transduction pathway separately regulating AOX1a and NDB2 has been proposed recently ). This fi nding may explain the distinct response of AOX1a and NDB2 expression observed in the present study.
Expression of respiratory genes was infl uenced under high CO 2 environments
The light induction of multiple (but not all) respiratory genes was further promoted under high CO 2 environments. These results are probably due to an accumulation of carbohydrates and/or an increased fl ux of substrates to the respiratory chain, both as a result of an elevated photosynthesis. The relationship between cellular carbon status and AOX has been well studied. Sieger et al. (2005) reported that AOXantisense tobacco cells (AS-8) accumulated carbohydrates under nitrogen (N)-limited conditions. In spinach leaves, a preferential increase in AOX under low N conditions was also reported . Furthermore, it was recently shown that, when exposed to cold stress, the carbon (C)/N ratio in aox1a -knockout Arabidopsis increased more than that in the wild-type . These studies clearly demonstrate that AOX serves for efficient consumption of excess carbohydrates, thereby maintaining the C/N ratio at a moderate level, especially under stress conditions. Therefore, it seems reasonable that carbohydrate accumulation is followed by AOX induction, as seen in the present study. Altered light induction by high CO 2 was not restricted to AOX genes; it was also observed in other respiratory genes ( Fig. 2 , Supplementary Figs. S2-S5) . Thus, modulation of the cellular carbon status by elevated photosynthesis affects a large part of the respiratory system, at least at the transcript level.
Since Cit treatment induced AOX1a expression ( Fig. 3 ), Cit may be one of the key players for the sensing of carbon status and the ensuing induction of AOX1a expression. The induction of AOX gene expression by Cit is likely to occur in a protein kinase-dependent manner ( Djajanegara et al. 2002 ) . A previous report using cultured tobacco cells demonstrated that the inhibition of respiratory electron transport and Cit accumulation have distinct mechanisms for regulation of AOX gene expression, since the former was associated with ROS generation but the latter was not ( Gray et al. 2004 ) . The presence of these distinct mechanisms is also supported by the report that some MRR-defi cient mutants lacking an AOX1a expression response to the AntA treatment can still respond to monofl uoroacetate (an aconitase inhibitor) treatment and the resulting Cit accumulation ( Zarkovic et al. 2005 ) . On the other hand, it is known that mitochondrial ROS production leads to inhibition of aconitase activity, which may be followed by Cit accumulation ( Verniquet et al. 1991 ) . In this sense, these two signal transduction pathways may partly overlap ( Djajanegara et al. 2002 ) .
NDA1 expression was affected by ROS generated from the photosynthetic system
Several genes encoding energy-dissipating respiratory components were induced by HL in ways distinct from the induction of AOX1a and NDB2 . The NDA1 expression level was high even before the HL treatment ( Fig. 2A ). This may be attributed to the diurnal NDA1 expression pattern ( Michalecka et al. 2003 , Elhafez et al. 2006 ). According to the data presented by Elhafez et al. (2006) , NDA1 shows the highest expression level 1-2 h after the onset of the day period, which is followed by a steep decrease. In the present study, plants were transferred to HL conditions 2 h after the onset of the day period. Thus, NDA1 expression might be fully induced before the transfer by diurnal change. While NDA1 expression was decreased immediately after the transfer to dark conditions, it was maintained at a high level until 4 h after the HL treatment ( Fig. 2A, B and Supplementary  Fig. S2 ). This clear difference between HL and darkness suggests that NDA1 expression is regulated by light, in addition to the diurnal pattern. Microarray data also support this possibility ( Fig. 4B and Supplementary Fig. S9 ). The MV treatment in the light, but not in the dark, also maintained NDA1 expression at a high level ( Fig. 3 ) , suggesting that ROS generated from the photosynthetic system play a role in the regulation of NDA1 expression ( Fig. 6 ) .
The NDA1 expression pattern after the transfer to HL was further altered under a high CO 2 environment ( Fig. 2C ) . Thus, NDA1 expression, as well as that of AOX1a , is likely to be affected by the cellular carbon status (see above). Also, it was suggested that light directly regulates NDA1 expression in a photoreceptor-mediated manner in etiolated Arabidopsis seedlings ( Escorbar et al. 2004 ) . It remains to be confi rmed whether this signal transduction pathway is also signifi cant in mature leaves.
AOX1c , NDC1 , COX6b and CI76 expression was induced by HL, but not affected by the manipulation of photosynthesis or respiration
The expression of AOX1c , NDC1 , COX6b and CI76 was also induced by HL ( Figs. 1B, 2A , M ). There were signifi cant correlations between the expression levels of these genes (Supplementary Fig. S8) , suggesting that the expression of these genes was regulated in similar ways. In contrast to AOX1a , NDA1 and NDB2 , the expression of these genes was hardly affected by the manipulation of photosynthesis or respiration using various chemicals ( Fig. 3 ) . Therefore, the light induction of these genes might be attributed to factors which were not addressed in the present study. Such factors were not clarifi ed from microarray data available in Genevestigator ( Fig. 4B and Supplementary Fig. S9) . One of the candidates is a photoreceptor-mediated effect, as NDC1 expression was suggested to be regulated in this way ( Escobar et al. 2004 ) . As shown in Fig. 3 , the expression of AOX1c , NDC1 , COX6b and CI76 tended to be suppressed in the dark, compared with LL. These results support the involvement of photoreceptors in the regulation of the expression of these genes, as some photoreceptor-mediated reactions require only LL ( Chen et al. 2004 ) .
Is the respiratory chain a sensor specifi c for the induction of the expression of respiratory genes?
To maintain an optimal cellular redox homeostasis in illuminated leaves, the expression of genes encoding not only components of the respiratory chain, but also other antioxidant enzymes, needs to be well regulated ( Mittler et al. 2004 ) . Interestingly, some genes encoding mitochondrial redox-mediated enzymes, such as DHAR5 , PRXIIF and TRXo1 , and the photorespiratory enzyme, GDCH , were suppressed by inhibition of the respiratory chain. This is in contrast to the case of AOX1a ( Fig. 5 ) . Also, among the assessed genes, there was no gene whose expression was induced by the inhibition of the respiratory chain (like AOX1a ). Thus, among the several genes encoding redox-mediated enzymes (at least those examined in the present study), a substantial induction of gene expression by the over-reduction of the respiratory chain may be restricted to AOX1a and NDB2 . Other studies also demonstrated that AntA treatment hardly increased the transcript level of genes encoding mitochondrial proteins (with the exception of AOX) in Arabidopsis ( Yu et al. 2001 ) and tobacco ( Maxwell et al. 2002 ) . It was also evident from a proteome analysis that AntA led to the degradation of some mitochondrial proteins, but did not induce de novo synthesis ( Sweetlove et al. 2002 ) . The results obtained from the present study agreed with their proposal that the inhibition of respiratory electron transport by AntA may trigger only a response involved in the re-initiation of electron transport function.
Conclusion
We demonstrated the distinct expression profi les of respiratory genes under HL conditions. As summarized in Fig. 6 , the genes of the respiratory chain can be separated into some classes based on their expression patterns and ways in which they are regulated under light conditions. The distinct regulation among the respiratory components may enable respiratory electron transport to adjust to various environmental conditions more fl exibly.
Materials and Methods
Plant material
Arabidopsis ( Arabidopsis thaliana L. Heynh.) wild-type plants (Columbia-0) were cultured in soil for 4-5 weeks under LL conditions in a controlled growth chamber; 30-40 µmol photons m −2 s −1 , 16/8 h light/dark cycle and 22-23 ° C. Soil was composed of Metro Mix 350 (Sun Gro Horticulture, Bellevue, WA, USA), red clay (Green Tec, Tochigi, Japan) and vermiculite (Vern-piece; Hakugen, Tokyo, Japan) at a ratio of 3 : 1 : 1 by volume.
HL and dark treatments (experiment A)
Plants were transferred from LL growth conditions to HL (400 µmol photons m −2 s −1 ) or dark conditions 2 h after the onset of the day period. The treatments were performed under an ambient (growth chamber level; 360-500 ppm) or high (3000 ppm) CO 2 environment, which was controlled in the growth chamber. The temperature during the treatments was set at 25 ° C.
Chemical treatments (experiment B)
Leaves were excised from plants 2-3 h after the onset of the day period and vacuum infi ltrated for 5 min with several chemical solutions (10 µM DCMU, 100 µM DBMIB, 5 µM AntA, 1 mM MV, 5 mM H 2 O 2 , 10 µM RB, 20 mM Cit and 20 mM Mal). Chemical solutions consisted of water, ethanol (1 % ; ethanol was used for dissolving DCMU, DBMIB and AntA) and each chemical (except in the case of the control treatment). After vacuum infi ltration, the leaves submerged in the chemical solutions were placed under LL (20-30 µmol photons m −2 s −1 ) or dark conditions. The temperature during the treatments was set at 25 ° C. The effects of photosynthesis-related chemicals were confi rmed using Chl fl uorescence (Supplementary Fig. S6 ).
Chl fl uorescence measurements
Chl fl uorescence images and traces of chemical-treated leaves were obtained using a Handy FluorCam (Photon Systems Instruments, Ltd, Brno, Czech Republic). Actinic light (AL) intensity was 30 µmol photons m −2 s −1 . The Chl fl uorescence image (Supplementary Fig. S6B ) was obtained 1 min after AL irradiation.
RNA extraction
Total RNA was extracted from frozen leaves using TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instruction for prevention of the contamination of the proteoglycan and polysaccharide.
Real-time PCR analysis
Transcript levels were measured using a 7000 Sequence Detection System (Applied Biosystems, Foster City, CA, USA). cDNA (1 µl) was amplifi ed in the presence of 12.5 µl of 2 × Power SYBR Green PCR Master Mix (Applied Biosystems), 0.5 µl of specifi c primers (fi nal concentration 0.2 µM) and 10.5 µl of sterilized water. PCR conditions were 50 ° C for 2 min, 95 ° C for 10 min and 40 cycles of 95 ° C for 15 s followed by 60 ° C for 1 min. The transcript levels were quantifi ed by the number of amplifi cation cycles required to meet a fl uorescence threshold ( Ct ). The primer sequences used for real-time PCR are depicted in Supplementary Table S3 .
RT-PCR analysis
cDNA (1 µl) was amplifi ed in the presence of 2.5 µl of 10 × Ex Taq ™ buffer, 4 µl of dNTP mixture, 0.25 µl TaKaRa Ex Taq ™ polymerase, 0.5 µl specifi c primers (fi nal concentration 0.2 µM) and 16.25 µl of sterilized water. The PCR settings were one cycle at 95 ° C for 1 min, and for the optimized number of cycles for each gene product 30 s at 95 ° C, 30 s at 55 ° C and 1 min at 72 ° C. Following separation of the PCR products by electrophoresis, the bands were detected by ethidium bromide and UV. The primer sequences used for RT-PCR are depicted in Supplementary Table S3 .
SDS-PAGE and immunoblotting
Protein extraction from a whole leaf tissue was performed as previously described ( Yoshida et al. 2007 ). The extracted proteins were separated by 12.5 % SDS-PAGE. For immunoreaction experiments, proteins were transferred to a polyvinylidene fl uoride membrane (Hybond-P, Amersham, Piscataway, NJ, USA). Immunodetection of AOX was performed with the AOA monoclonal culture supernatant reacting with AOX at a dilution of 1 : 50 (Elthon et al. 1989 ). Immunodetection of COXII was performed with the polyclonal culture supernatant reacting with COXII at a dilution of 1 : 1000 (Agrisera, Vännäs, Sweden). Immunodetection of VDAC was performed with the monoclonal culture supernatant reacting with VDAC at a dilution of 1 : 2500 (PM035, from Professor Tom Elthon, Lincoln, NE, USA). Chemiluminescence was used for detection of horseradish peroxidaseconjugated secondary antibodies and visualized using LAS 1000 (Fuji, Tokyo, Japan). The blots were quantifi ed using IMAGE GAUGE v 3.0 software (Fuji).
Cluster analysis of gene expression
Cluster analysis was performed using SPSS 12.0J software (SPSS, Tokyo, Japan). Before the analysis, the transcript level of each gene was expressed as fold change compared with pre-treatment. Hierarchical clustering was performed using the data obtained from each experiment (experiments A and B). The dendrograms in Fig. 4 are presented using complete linkage and Euclidean distance.
Supplementary data
Supplementary data are available at PCP online.
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